SUMMARY Calcium metabolism may play an important role in the pathogenesis of myocardial ischemic injury. The effect of the sarcolemmal calcium flux inhibitor, verapamil, on myocardial necrosis was studied in dogs subjected to temporary coronary artery occlusion. One group of dogs was untreated. A second group was given 0.8 mg/kg verapamil intravenously over a 30 min period beginning 10 min prior to coronary occlusion. In a third group, the dose of verapamil was increased until complicated by hypotension or conduction abnormalities. Cardiac Recorder at standard intervals throughout the experimental procedure.
ALTHOUGH TRANSSARCOLEMMAL CALCIUM FLUX is an essential element of the physiology of the contractile process," 2 calcium overload, via increased inward flux of calcium or via inhibition of intracellular calcium sequestration, has pathologic consequences. 8 The best evidence for the role of calcium overload in the pathogenesis of myocardial cell injury comes from experimental studies of isoproterenol toxicity. Isoproterenol induces an early cellular influx of calcium which is followed by cardiac necrosis. '4 The role of calcium overload in the pathogenesis of irreversible myocardial ischemic injury is less clear. It has been shown that reperfusion of irreversibly injured ischemic myocardium is followed by massive influx and intramitochondrial deposition of granular deposits of calcium phosphate.7 8 In theory, since calcium is a major determinant of cardiac energy utilization, calcium overload could contribute to an inequality in the oxygen supply to demand ratio and thereby hasten cell death.
The present study was designed to determine whether inhibition of transsarcolemmal calcium influx by verapamil9 10 could delay or prevent ischemic injury. The results demonstrate that dogs given verapamil before and during temporary coronary artery occlusion develop significantly less myocardial necrosis than untreated dogs.
Materials and Methods Surgical Techniques
Mongrel dogs weighing between 20 and 35 lb were randomly assigned to one of three groups as outlined below. Each dog was anesthetized with intravenous sodium pentobarbital (30 nMg/kg), underwent endotracheal intubation and was ventilated with a Harvard 1063 respirator. Sterile instruments, sponges, and drapes were used during the surgical procedure. Catheters were positioned in the femoral artery via the saphenous branch for blood pressure monitoring and 40 min of left circumflex coronary artery occlusion followed by 2-4 days of reperfusion. At the end of the experiment, animals were sacrificed and necrosis was quantitated histologically in transmural slices through the posterior papillary muscle. Pre-treatment with the lower dose of verapamil resulted in significantly less necrosis (14% treated vs 35% untreated) with minimal hemodynamic consequences. Higher doses of verapamil were even more effective in limiting cardiac necrosis despite the development of hypotension and varying degrees of heart block.
in the femoral vein via the saphenous branch for intravenous injections and infusions. The left chest was opened through a small incision in the fourth intercostal space. The lung was retracted and the pericardium opened through a longitudinal incision. A catheter was placed in the left ventricle via the left atrial appendage in order to monitor left ventricular pressure (LVP) and its first derivative (LV dP/dt). The circumflex coronary artery was isolated [10] [11] [12] [13] [14] [15] 4, APRIL 1977 tinued to prevent further deterioration. A total of 50 ml of saline was given.
Saline Controls. Dogs were given a bolus injection and infusion of normal saline equivalent to the saline load of verapamil treated dogs (50 ml total over the 30 min period).
Determination of the Extent of Necrosis
Dogs which survived 48-96 hours were reanesthetized, the chest reopened and an ECG recorded. The heart was then excised and placed in a 0°C isotonic KCI solution until contractions ceased. The site of previous coronary artery occlusion was examined and found to be patent in all dogs. The heart was opened and the endocardial distribution of necrosis in the posterolateral wall of the left ventricle surrounding the posterior papillary muscle was noted. The posterior papillary muscle (PP) and underlying myocardium was divided into 3 longitudinal slices, each 3-4 mm thick. These slices were then placed in a 10% buffered formalin solution and processed for preparation of histologic sections (Hematoxylin-eosin, PAS, and Heidenhain's variant of Mallory's connective tissue stain). Myocardial necrosis was quantitated from photographic enlargements of one histologic section from each of the three posterior papillary muscle slices (see fig. 1 ). Necrosis was expressed as a percent of the transmural slice through the posterior papillary muscle.
Results
Proximal occlusion of the circumflex branch of the left coronary artery for 40 min followed by 48 2) and was characterized by myocardial fibers which often had an eosinophilic granular cytoplasm. Other cells showed prominent myofibrillar contraction bands. These cytoplasmic changes were associated with nuclear pyknosis or karyolysis. The necrotic cells were surrounded by an inflammatory reaction which was particularly prominent in peripheral areas adjacent to viable myocardium. Contraction bands in dead myocardial fibers were more prominent when stained with Heidenhain's variant of Mallory's connective tissue stain (CT) ( fig. 3 ), which allowed the necrotic areas to be easily recognized on low power photographs. Projection of the CT-stained slides onto photographic paper allowed quantitation of necrotic areas within a given section of heart muscle ( fig. 1 Because the characteristic light microscopic features of necrosis develop slowly, dogs which die from VF during occlusion or at the time of reperfusion are excluded from the study. The removal of such dogs potentially could bias the experimental groups by selecting hearts with small amounts of necrosis. In the present study, dogs which were successfully resuscitated after developing VF, showed somewhat greater amounts of necrosis irrespective of treatment group. It is possible that dogs developing VF had more severe ischemia, which produced greater cell injury, or that combination of VF and/or countershock potentiated cell injury. In the present study, greater salvage from VF in verapamil-treated groups occurred. Because defibrillated dogs had larger amounts of necrosis, this increased salvage may have narrowed the true difference in necrosis between verapamil and untreated groups.
Possible Mechanisms of Action
Verapamil was introduced in 196218 and was shown to have pharmacologic properties similar to those of d blocking agents. The extensive in vitro studies of Fleckenstein,O however, established that verapamil was not a A blocker but rather was a specific inhibitor of calcium flux across the sarcolemma. In vivo, verapamil reduces cardiac oxygen utilization and improves cardiac efficiency.l0 This inhibitory effect of verapamil on cardiac energy metabolism is directly related, at least in part, to the inhibition of transsarcolemmal calcium flux. At the molecular level, calcium is the major determinant of cardiac energy utilization through its cyclic activation of myofibrillar ATPase and its subsequent energy dependent sequestration by the sarcoplasmic reticulum.17' 18 The magnitude of these changes is, in turn, related to the magnitude of transsarcolemmal calcium flux. The nature and magnitude of calcium flux within severely ischemic myocardium in which contraction is severely depressed has not been measured. Thus the potential for reducing the energy utilization of severely ischemic cells by calcium flux inhibition is unknown. Prevention of mitochondrial calcium accumulation at the time of reperfusion is probably not the mechanism of verapamil's protective effect because four dogs given intracoronary verapamil (distal to the site of occlusion) 5 min prior to reperfusion did not develop less necrosis than untreated dogs (unpublished data).
With the larger doses of verapamil used in this study, hypotension (reduced afterload) may have decreased cardiac oxygen demand. However, the relationship of the hemodynamic determinants of oxygen demand in normal myocardium to the oxygen demand of severely ischemic and noncontracting myocardium is unknown. In dogs given the lower dose of verapamil used in this study, necrosis was significantly reduced but the hemodynamic parameters determining overall cardiac oxygen demand (left ventricular developed pressure, heart rate and LV dP/dt) were not greatly altered. Therefore, it seems unlikely that verapamil's protective effect can be accounted for entirely by hemodynamic alterations. The effect of verapamil on coronary collateral flow during complete coronary occlusion is unknown and is currently being evaluated in our laboratory. In the present study, when dogs were given higher doses of verapamil, increased protection occurred despite the development of severe hypotension in some dogs. It seems unlikely that severely hypotensive dogs would have improved collateral flow. In these dogs the detrimental effects of a reduced diastolic coronary perfusion pressure must have been counterbalanced by the energy sparing effects of calcium flux inhibition at the cellular level.
Possible Clinical Implications
Verapamil has not been used in the clinical treatment of myocardial infarction and whether sarcolemmal calcium flux inhibition will be useful for reduction of infarct size in man remains to be proven. Verapamil has been used successfully for the treatment of angina in European clinical trials2"3 but it is not clear whether verapamil works in this setting as a vasodilator or through partial inhibition of excitation contraction coupling and decreased oxygen demand.24
Conclusions
This study demonstrates, by histologic quantitation, that necrosis following temporary coronary occlusion in the dog is significantly reduced by pretreatment with verapamil. This effect was achieved with a dose of verapamil which caused no significant alteration in several hemodynamic parameters measured. Higher doses of verapamil resulted in even greater reduction in necrosis despite the development of hypotension and atrioventricular conduction abnormalities.
